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INTRODUCTION
A common finding in animals which have suffered severe radiation injury is
invasion of the blood stream by bacilli normally found in the intestinal
tract.' Accordingly, it is generally conceded that one of the significant
aspects of such injury is weakening of the normal barrier which prevents
the development of infection by micro-organisms that ordinarily exist
harmlessly in the bowel. This bacteremia could be due to one or more of
the following: (i) continuous passage of large numbers of bacteria from the
bowel into the blood stream, (ii) impaired function of the mechanism which
normally effects the removal of bacteria from the circulation, or (iii) escape
of a few organisms from the bowel with establishment of infection in other
parts of the body and bacteremia as a result of that infection. We are
reporting the results of experiments which have a bearing on this subject.
METHODS
The test organism was a strain of E. coli originally isolated from urine of a patient
with pyelonephritis. It fermented dextrose and lactose, was citrate negative, methyl
red positive, Voges-Proskauer negative, indol positive. The organism had been em-
ployed in production of experimental pyelonephritis of rats, using the method of
Mallory et al..' and had been through many animal passages before the present work
was done. For these experiments a culture in beef heart infusion broth (Difco) was
stored at -20° C. One tube of it was thawed each week and maintained on blood agar
base as seed culture for all tests done that week.
The bacterial suspension to be injected into animals was prepared as follows: A
small fragment of a colony was dispersed in 5 ml. of beef heart infusion broth and
incubated at 370 C. for four hours, then transferred to an ice water bath until needed.
The amount injected into an animal was 0.5 ml. The number of viable organisms was
estimated in each experiment by making ten-fold dilutions in saline and pouring plates
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at 10', 10-, and 10 dilutions. The number of colonies per ml. was found to vary
between 250,000,000 to 720,000,000, most being between 250,000,000 and 450,000,000.
The rats were Sprague-Dawley strain males obtained from a local supplier. Their
weights ranged from 250 to 350 grams.
In most of these experiments the procedure was as follows: Animals were anesthe-
tized by intraperitoneal injection of 12 mg. of pentabarbital sodium, additional doses
being given when required. The right femoral artery and vein were exposed below
the inguinal ligament, and sterile polyethylene tubes, size PE 50, filled with heparin
solution were inserted into the vessels. The plastic tubes were occluded with straight
pins which were removed only at time of sampling or injection. Heparin, 0.2 ml., was
injected through the venous catheter. The bacterial inoculum was then injected by
the same route, and samples of blood for bacterial count were removed via the arterial
catheter at suitable intervals thereafter.
In experiments on the course of this bacteremia in normal rats only one blood
culture was obtained on each animal. The bacterial suspensions were injected into a
tail vein and, at the time for obtaining blood, the animal was anesthetized, the heart
was exposed by opening the chest, and the sample aspirated directly from the left
ventricle.
The number of bacteria circulating in the blood was determined by conventional
pour-plate techniques. Blood samples were diluted immediately in 10-fold increments,
0.5 cc. and 4.5 cc. cold saline. Pour plates were prepared according to the range of
bacteremia expected, three dilutions being prepared for each sample of blood. The
medium was blood agar base (Difco). The plates were incubated at 370 C. for 48
hours and the colonies were counted, using a Quebec-type counter. The plate in which
the number of colonies was more than 30 but less than 300 was taken as giving the
most nearly accurate result. In every case, growth was carefully inspected; colonies
were checked if suspected of being contaminants, and at least one from every plate
was subcultured on Kligler's iron agar and Simmons' citrate agar as a presumptive
test to verify presence of E. coli.
X-irradiation consisted of 800 roentgens total body exposure (250 k.v.; 15 m.a.;
Thoreus filter; 50 cm. distance from the tube) three days preceding the test. This
dosage caused profound depression of the number of circulating leukocytes, all animals
having total arterial blood leukocyte counts of less than 150 per cu.mm. on the day
of study.
RESULTS
Bacteremia in normal rats. In the course of studies related to other
problems we have obtained single quantitative blood cultures at various
intervals after the intravenous injection of this culture of colon bacillus.
These showed an initial bacteremia of one to four million organisms per ml.
two to six minutes after the intravenous inoculation. There followed a rapid
diminution, so that after 30 minutes the number was generally between one
to four thousand per ml. There was often a tendency toward complete
clearing at two to six hours, followed by somewhat higher levels at the end
of 24 hours, then a decline to negative cultures after 48 hours.
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It should be pointed out here that the bacterial inoculation used in this
work did not cause discernible infection in normal rats. An occasional ani-
mal succumbed within the first 12 hours, probably due either to the anes-
thetic or to injury by the bacterial endotoxin, but deaths at later periods did
not occur. One group of 12 rats was sacrificed 30 days following this inocu-
lation; there had been no
---0RGA ia--- sign of illness in them, and
IWAN" KDcultures of blood, kidney,
liver, spleen, and lung
lo ^-failed to yield E. coli.
- - - ~~~ Comparison of bactere-
mia in normal and in irra-
diated rats. From the
information obtained on
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- ------ bacteremia in normal ani-
::.- mals it appeared that the
period between 30 min-
%% "_ "svutes and two hours would
0. -_--; be suitable for the com-
001 parison with irradiated
animals. This short test
period permitted the ob-
taining of more than one
0.001 observation on the same
animal and provided an
indication not only of the
efficiency of initial clear-
ing, but also of any ten-
vOLOa 30 60 --- go 120 dency to early develop-
TM NhES AM NTRAOU6 E. Ox ment of infection. No at-
FIG. 1. Removal of E. coli from normal and irradi- tempt was made to length-
ated animals, expressed as percentage of viable
organisms injected. en the period of compari-
son because of the possi-
bility that subsequent development of endogenous bacteremia in the
irradiated animals might lead to erroneous conclusions.
Experiments of this nature were carried out on five occasions. Deaths
due to hemorrhage during the experimental procedure occurred occasion-
ally, but complete tests were accomplished with nine normal and eight
irradiated animals. The colony counts obtained are given in Table 1. The
data are also presented graphically in Figure 1 in terms of percentage of
S8
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the calculated number of bacteria injected into the circulation of each ani-
mal, assuming a blood volume of 20 ml. It will be observed first that there
was no great difference in the ability of animals of either group to destroy
or rapidly remove the intravenously inoculated bacteria from the blood
stream, since only a small fraction of the calculated inoculum could be
recovered after 30 minutes. Nevertheless there was a consistent difference
between the two groups, in that the counts were higher in the irradiated ani-
mals; also there appeared to be less tendency to further reduction during
the succeeding 90 minutes in the irradiated animals.
TABLE 1. COLONIES PER ML. OF BLOOD IN NORMAL AND IRRADIATED RATS
FOLLOWING INTRAVENOUS INJECTION OF LIVING E. COLI
30 minutes 60 minutes 120 minutes
Normal Irradiated Normal Irradiated Normal Irradiated
2,600 8,100 210 11,200 70 1,380
1,600 18,400 240 15,600 60 11,520
1,130 12,500 590 3,700 70 6,900
1,110 14,600 230 12,400 200 2,800
1,840 8,900 70 128,000 80 2,030
1,030 18,600 800 89,000 70 7,400
610 348,000 0 182,000
4,300 161,000 170 110,000
1,720 110
The data for the 30-minute period were subjected to statistical analysis.
Because of the marked difference in variance of the two groups, the "t" test
was not suitable. However, a test based on ranks' revealed a highly
significant difference (p value less than 0.01).
Second intravenous injection of bacterial culture. The results of the
preceding experiments indicated that irradiation did not seriously impair
the mechanism which removes micro-organisms from the circulating blood.
However, it seemed conceivable that these experiments had imposed about
the maximum load on this system and that the different level of bacteremia
in normal and irradiated animals was due to exhaustion of the clearing
mechanism in the latter group. Another experiment was carried out to test
this possibility.
Six rats after being subjected to the usual dose of radiation developed the
usual severe leukopenia at the end of three days. An inoculum of 0.5 ml.
E. coli culture was then given to each one. (The content of this was deter-
mined to be 225,000,000 organisms per ml.) After an interval of four
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hours, plastic tubes were placed in the femoral arteries and veins and, after
drawing blood samples for quantitative culture, a second injection of 0.5 ml.
of the same bacterial culture was given into the femoral vein. Subsequent
cultures were obtained at 30, 60, and 120 minutes. Three of the six animals
succumbed at some stage during the experiment. The results are shown in
Table 2. It can be seen that each animal had a positive blood culture before
the second inoculum was given, but despite this there was the same efficient
clearing of most of the second inoculum within the next 120 minutes. This
is interpreted as showing that the clearing mechanism still functions
efficiently at this stage of radiation injury.
TABLE 2. TEST OF CAPACITY OF IRRADIATED ANIMALS TO CLEAR A SECOwn
INOCULUM OF E. COLI FROM THE BLOOD, 4 HOURS AFTER THE FIRST
INTRAVENOUS INJECTION OF E. COLI
Colonies per nil. blood
Rat No. Prelimittary 30 mitt. 60 min. 120 mitn.
1 1,270 48,000 * *
2 8,900 4,200 4,400 2,160
3 71,000 42,000 23,400 21,900
4 80,000 203,000 * *
5 11,800 12,100 7,600 *
6 880 85,000 39,000 8,100
*Animal succumbed during course of procedure.
DISCUSSION
These experiments were begun in studies of other problems, namely, the
pathogenesis of pyelonephritis and the phagocytic function of transfused
leukocytes. We are reporting here the results which bear on the problem of
the pathogenesis of bacteremia and death following radiation injury.
Many observations on the bacteremia which follows intravenous injection
of large numbers of living bacteria in rabbits, dogs, and cats have yielded
results comparable with those obtained here in rats. The attention of most
investigators seems to have been focussed on the spectacular rapid clearing
which takes place within the first 30 minutes. Nevertheless, their results
often show, as do ours, that following the initial major removal, a quanti-
tatively less striking bacteremia, i.e., less than 1500 organisms per ml., may
persist for 12 to 72 hours, irrespective of the outcome. This does not seem
to be due to an exhaustion of the "clearing mechanism," since a second
injection of bacteria is followed by the same rapid disappearance of most of
the newly-introduced organisms within the first 30 minutes. As a matter of
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fact, there is little evidence to indicate that ability to clear foreign particles
or bacteria from the circulation ever fails, since it has been shown to be
functioning efficiently even in moribund animals with massive bacteremia.'
Certain possibilities may be suggested in explanation of the low-grade
bacteremia which persists for 48 hours or more after intravenous injection
of a culture of living organisms: (a) It may represent infection of some
tissue or tissues, multiplication of bacteria and their discharge into the
circulation. This does not seem to be a strong probability in the case of
normal animals because, as has already been mentioned, no evidence of
infection has been observed in them. (b) It may result from the fact that in
the initial clearing of the massive dose of infecting organisms some of them
are arrested in certain tissues (e.g., the lungs, voluntary muscle, etc.), but
after an interval of time they are again released, to be carried to other
organs such as the spleen and liver where they are finally destroyed. This
appears to us to be the more probable explanation of the findings in normal
animals.
Turning now to the irradiated, leukopenic animals, the mostobvious point
to be emphasized is that there appears to be no major impairment of
"reticulo-endothelial" function, i.e., ability to remove living bacteria
promptly from the circulating blood. This is in agreement with the findings
of Calloway and Kerby, who reported that bacteria were cleared from the
splanchnic circulation of irradiated rabbits.!
How are we to look upon the slight but apparently significant difference
in level ofbacteremia in radiated and normal rats during the period between
30 and 120 minutes? (a) It may be an indication of greater susceptibility of
the tissues of irradiated animals to bacterial infection. With the evidence
that the clearing mechanism is still efficient in irradiated animals, the fact
that they had more bacteria per ml. of blood could be interpreted as evi-
dence that active multiplication of organisms was taking place somewhere,
resulting in the entry of large numbers of bacteria into their blood streams.
(b) It may reflect diminished ability of the leukopenic animals to destroy
organisms wherever they are originally arrested. The studies of Wood7
show that some of the bacteria which stick to the walls of sinusoids and
capillaries are eventually destroyed by the polymorphonuclear leukocytes
which also adhere to these areas. From this standpoint it seems reasonable
to suppose that granulopenic animals might exhibit a quantitatively greater
bacteremia during the period under discussion.
The recent demonstration by Pillemer and associates' that properdin, a
component of serum protein, plays a role in natural immunity to infection,
and that properdin is apparently capable of protecting rats against post-
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radiation enteric bacterial infection could be incorporated in either of the
preceding hypotheses.
SUMMARY
Quantitative blood cultures were obtained from rats following intra-
venous injection of living E. coli. Normal animals were compared with
animals which had been subjected to severe radiation injury.
In both groups the main mass of injected organisms disappeared within
30 minutes. There was, however, a consistent and statistically significant
difference in number of bacteria remaining in the circulation, irradiated
animals having the larger numbers.
Possible causes of the quantitatively greater residual bacteremia in
irradiated animals are mentioned. The conclusion is drawn that the princi-
pal defect lies not so much in an inability of the fixed phagocytes to extract
bacteria from the blood stream as in a lessened capacity to destroy bacteria
wherever they are arrested. As a consequence in irradiated animals there is
greater opportunity for re-entry of the bacteria into the circulation after
temporary sequestration in various locations and for establishment of
infection.
* * *
We are indebted to Dr. Chu H. Chang and Miss Anna Allen of the Department of
Radiology for irradiation of the animals.
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